Fractures in the subsurface are known to impact the quality of seismic imaging. This multi-component, time-lapse study focuses on the fracture-induced anisotropy within a potash mining region in the Williston Basin. The area of interest is the Dawson Bay Formation, a fractured carbonate overlying the Prairie Evaporite Formation which contains the potash ore deposits. PP and PS full azimuth volumes were divided into 4 sub-volumes consisting of a stack of source-receiver ray paths consisting of a 45 degree aperture for both a baseline and monitor surface. Through their interpretation and travel-time analysis, weak azimuthal velocity anisotropy was observed within the Dawson Bay Formation. Analysis of Vp/Vs indicates that there is a significant decrease in shear-wave velocity in the centre of the survey between the Birdbear and Winnipegosis formations, including the Dawson Bay Formation. These Vp/Vs results, along with travel time differences, confirm the presence of fracturing in the subsurface, and more specifically, within the Dawson Bay carbonates.
Introduction
The analysis of this multi-component, time-lapse seismic dataset focuses on seismic velocity changes and seismic anisotropy in fractured Devonian carbonates within the Dawson Bay Formation. The Dawson Bay Formation was deposited on top of potash ore deposits, currently being extracted using the room and pillar method, in Saskatchewan (Zhang, 2010) . The fractures are typically 20-30 degrees sub-vertical and allow for localized downward propagation of fluid from an aquifer above leading to the dissolution of the ore deposit (J. Boyd, personal communication, 2012) .
The extent of fracturing in the Dawson Bay Formation is important as the Prairie Evaporite Formation contains 3 water soluble potash ore members, the Belle Plaine Member, the White Bear Member, and the Esterhazy Member, which are being extracted in the region. The Prairie Evaporites are separated from the Dawson Bay carbonates by the Second Red Beds, a layer of brownishred dolomitic mudstone (Dunn, 1982; Gu, 1998 ) which typically does not display fracturing. Should fracturing occur however, a direct flow path is created between the above aquifers, down into the Prairie Evaporites which eventually leads to dissolution of the potash ore bodies that are targeted for extraction. Figure 1 shows a stratigraphic column from the area.
Due to the near-vertical nature of the fracturing in the zone of interest, the formation is expected to exhibit horizontal transverse isotropy (HTI) . In order to analyze HTI, the full azimuth stacked seismic volumes from both the baseline and monitor surveys, shot in 2004 and 2008 respectively, have been divided into 4 azimuthally sectored sub-volumes centred around 0&180, 45&225, 90&270, and 135&315 degrees. Although the exact cause of fracturing in this region is unknown, the presence of HTI allows for the analysis of travel-time differences between orthogonal azimuths, and Vp/Vs analysis to provide insight into the orientation of the fractures, fracture density and the vertical extent of fracturing in and around the Devonian Dawson Bay Formation. 
Theory and/or Method
Seismic isotropy refers to the uniform velocity of seismic waves through the subsurface. The presence of nearvertical fractures introduces a reduction in cohesion perpendicular to the direction of fracture propagation.
Waves propagating parallel to the fractures experience no change in velocity. A fracture network with a preferential orientation will cause a decrease in seismic velocity of both P and S waves perpendicular to the strike of the fracture (Lynn, 1999; O'Connell, 1974; Ruger, 1997) . This directional velocity anomaly is detectable as an increase in travel time, which is more evident when focusing on orthogonal source-receiver ray path arrivals. Such anisotropy is referred to as transverse isotropy (Thomsen, 1986) . In this case, near vertical fractures in relatively flat carbonate strata are expected to reduce seismic velocity perpendicular to the orientation of fracturing. This specific type of anisotropy is referred to as horizontal transverse isotropy or HTI (Hudson, 1981; Tsvankin, 1997) .
In order to interpret these fracture networks in the Dawson Bay Formation, a new differencing technique was used. This involved dividing both the PP and PS datasets into 5 separate volumes; one full azimuth stack volume and 4 azimuthally sectored volumes containing a stack of sourcereceiver ray paths with a 45 degree aperture. In order to detect possible HTI, 4 horizons were picked in each of the volumes: the Birdbear Formation, the Dawson Bay Formation, the Prairie Evaporite Formation and the Winnipegosis Formation. Typically seismic sections are interpreted after a stack of all gathers from all azimuths has been applied in order to improve signal to noise ratio. However, by stacking the dataset into 4 sub-volumes containing gathers from a 45 degree aperture, the effects from fracture induced HTI become evident due to small changes in residual moveout between sectors. These changes in residual NMO propagate into the stack and yield small travel time differences in the events, between the sectored volumes (Figure 2) , when global NMO velocities are used. The red colour indicates a positive difference in two-way travel time between reflectors of the first sectored volume (t 1 ) and the second sectored volume (t 2 ). Areas shown in yellow and red correspond to regions where the residual moveout in the first sectored volume is greater than the residual moveout in the second sectored volume, thus indicating azimuthal changes in seismic velocity. Figures 3  and 4 show travel time difference plots between orthogonal azimuths from each of these horizons. To further investigate the extent of fracturing in the Dawson Bay Formation, interval velocity analysis was performed using dipole sonic logs to determine the Vp/Vs in each of the layers from the top of the well logs (Souris Valley Formation) to the bottom of the well logs (Dawson Bay Formation) by calculating the arithmetic mean. These ratios were then compared to Vp/Vs calculated using Equation 1, from travel times selected from horizons,
where dtp = PP interval time and dts = PS interval time.
Travel times used were picked from well top placement on The next step in Vp/Vs analysis was to look at these ratios across the survey area away from well control. This was accomplished by selecting 4 coherent horizons and registering them in both the PP and PS datasets for the baseline and monitor surveys to extract interval Vp/Vs ratios ( Figure 5 ). After ensuring these values were reasonable and corresponded to those calculated using Equation 1, PP horizons were registered to their equivalent PS horizons to yield cross sectional Vp/Vs values across the area of interest ( Figure 6 ).
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4D-3C analysis of near-vertical fractures
The high Vp/Vs values correspond to a general low velocity anomaly in the centre of the dataset in both the PP (Figure 7 ) and particularly the PS data (Figure 8 ). This velocity anomaly is present at, and below, the Dawson Bay Formation, but is not present in the Birdbear Formation (Figures 9 and 10 ). 
